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INTRODUCTION

The goal of this innovator award is to continue to develop and apply RNAi-based
screening methods to discover new paths towards breast cancer treatment. This project has
three aims. The first is to perform genome-wide RNAI screens on tumor-derived cell line models
to identify tumor-specific vulnerabilities and understand the basis of therapy resistance to
commonly used targeted therapies. Second is to probe the roles of breast cancer stem cells
with emphasis on DNA methylation profiling. The third is to apply novel, focal re-sequencing
methods developed in the laboratory to uncover genomic rearrangements that contribute to the
susceptibility of breast cancer.

BODY
Fourth-generation (V4)RNAi resources

During this past year, we have completed the development of our shRNA prediction
algorithm called shERWOOD. Prior algorithms for predicting effective RNAi reagents have
suffered from two drawbacks for designing shRNAs. First, they have been derived from a
relatively small number of data points. Even the best algorithm had only used approximately
2500 measurements of knockdown, such that there were an extremely small number of effective
sequences present for the algorithm to learn their properties. In contrast, approximately 250,000
measurements of shRNA efficacy were used to train the shERWOOD algorithm. Second, until
now, existing algorithms predict siRNAs, but not shRNAs. shRNAs have more sequence
constraints than siRNAs due to their requirement for efficient processing by the cell’s RNAI
machinery. All effective RNAI prediction tools tend to choose sequences that begin with a U.
This is thought to have a structural basis in the interaction between the RNA and Argonaute, the
core of the RNAI effector complex. The 5 residue of the RNA has been shown to reside in a
binding pocket which favors interaction with U. However, when the small RNA interacts with
Argonaute, its 5’ end is not available for pairing with the target RNA. Even though the 5 U
contributes to RISC binding, it is irrelevant to target recognition. Thus we tested the idea that we
could expand available sequence space by predicting on every position in the transcriptome and
changing the small RNA guide that would pair to that site so that it began with a 5’ U. This is
henceforth referred to as the “1U-strategy”. Simulation of this 1U-strategy compared to the
same predictions lacking 1U produced higher potency scores for 1U constructs. Importantly,
this improvement also enabled predictions on small genes with a limited number of potential
target sequences.

To experimentally validate the 1U-strategy, we performed our ‘sensor’ assay using a
library which targeted a set of 2000 genes (“druggable”) with the top 15 predicted shRNA per
gene. The sensor constructs contained target sites with the endogenous base, while the
shRNAs were either with or without the 1U conversion. Our sensor assay screens for highly
potent shRNAs in a highly parallel and high-throughput fashion. Distribution of the data
indicated that approximately 50% of all the shRNAs were strong or very strong (knockdown
efficiency >75%). When the native and artificial 1U shRNA data were plotted with their score
distributions, we observed a significant reduction in efficacy of the non-native 1U shRNAs. We
therefore stratified the 1U shRNAs based on their endogenous 5’ nucleotide and found that only
a subset of shRNAs performed well (endogenous 1U shRNAs) when a 1U-switch was made.
Using this dataset, a new shERWOOD algorithm module was developed that could select for
the strongest endogenous 1U shRNAs and identify which endogenous 1C, 1G, and 1A shRNAs
are likely to yield potent 1U-coverted molecules.

Since the previous update, we completed the construction of the human V4 library,
which now has 88,275 shRNAs targeting 18,651 genes (with 16,681 genes represented by at
least three shRNAs, 1,518 genes with at least two shRNAs, and 452 genes with one shRNA per



gene). The mouse V4 library currently has 58,113 shRNAs in total, targeting 18,769 genes (with
11,936 genes with three or more shRNAs).

RNA:I screening of breast cancer cell line models for new therapeutic targets

Approximately 20% to 25% of invasive breast cancers exhibit overexpression of the
human epidermal growth factor receptor (HER2) tyrosine kinase receptor. As elevated HER2
levels are associated with reduced disease-free and overall survival in metastatic breast cancer,
therapeutic strategies have been developed to target this oncoprotein. Trastuzumab, a
recombinant humanized monoclonal antibody directed against an extracellular region of HER2,
was the first HER2-targeted therapy approved for treatment of HER2-overexpressing metastatic
breast cancer. This drug is active as a single agent and in combination with adjuvant
chemotherapy (either in sequence or in combination) in HERZ2-positive breast cancers.
However, the objective response rates to trastuzumab mono-therapy were low (12% to 35%),
and for a median duration of nine months, suggesting a majority of HER2-overexpressing
tumors demonstrated de novo resistance. Phase Il trials revealed that the combination of
trastuzumab and paclitaxel or docetaxel could increase response rates, time to disease
progression, and overall survival compared to trastuzumab mono-therapy. For HER2-positive
patients who had not received prior chemotherapy, the median time to progression in response
to trastuzumab as single-agent was less than five months. In patients who received trastuzumab
and chemotherapy, the median time to progression was 7.5 months. Thus, the majority of
patients who achieve an initial response to trastuzumab-based regimens develop resistance
within one year. Elucidating the molecular mechanisms underlying acquired resistance to
trastuzumab is essential for improving the survival of HER2-positive, metastatic breast cancer
patients.

Our goal is to uncover mechanisms underlying the basis of acquired trastuzumab
resistance and to find genes that can be targeted pharmacologically to reverse drug resistance.
We have obtained several tumor-derived cell line models of acquired trastuzumab resistance
from Dr. Dennis Slamon (UCLA). We performed genome-wide shRNA screens using our 3™-
generation human shRNA library in the presence and absence of trastuzumab to uncover
shRNAs that would sensitize the resistant cell lines to the drug.

Status of genome-wide RNAI screens on HERZ2-positive, trastuzumab resistance (acquired)
models:

Cell line Screening condition Status

SKBRS3 (drug sensitive) No drug Screen completed. Samples sequenced. Data analyzed.
SKBRS3 (drug sensitive) Trastuzumab 15ug/ml Screen completed. Samples sequenced. Data analyzed.
SK-TR (drug resistant) No drug Screen completed. Samples sequenced. Data analyzed.
SK-TR (drug resistant) Trastuzumab 15ug/ml Screen completed. Samples sequenced. Data analyzed.
EFM192A (drug sensitive) No drug Screen completed. Samples sequenced. Data analyzed.
EFM192A (drug sensitive) Trastuzumab 15ug/ml Screen completed. Samples sequenced. Data analyzed.
EFM-TR (drug resistant) No drug Screen completed. Samples sequencing in progress.

EFM-TR (drug resistant) Trastuzumab 15ug/ml Screen completed. Samples sequencing in progress.

To identify genes conferring secondary (acquired) resistance to trastuzumab from the
datasets, we set a cutoff of FDR<0.25 and filtered for genes that depleted only upon
trastuzumab treatment in the drug resistant line, SKTR, but not in either of the two drug
sensitive lines, SKBR3 and EFM192A. This produced a list of 25 genes (Figure 1: Heatmap of
the 25 genes), which included those from PI3K-mTOR signaling (PI14K2A, Raptor, Insulin
receptor, and EIF4A), RNA processing (PRPF8, U2AF1, and LSMG6), mitotic checkpoint
(BUB1B), and genes of relatively less well-known function. Identification of the insulin receptor
and members of the PISBK-mTOR signaling pathway fulfills our expectation of finding these
genes in this screen since they are known to be functionally associated with trastuzumab
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resistance. However, TNFSF11/RANKL (ligand of the receptor activator of nuclear factor kappa
B), a gene of significant relevance to breast cancer, was also found in the screen as one of two

most highly depleted hits.
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Figure 1.Heatmap of
shRNAs (FDR<0.25) for
gene targets that
sensitize drug resistant
(SKTR) and not drug
sensitive cell line models
(SKBR3 and EFM192A).

These are potentially
novel candidates for
trastuzumab

combination therapy.

OO
vCvis
oad
wews
ACI2As
EraAs
w > ] > m ™
= = m = = - = -
>_2% 2 8% = Ez
- o Sadi o
gmgg '35'03 |g.<,.|§§
£ §% F &% ¢ 924
Figure 2. Competition assays to validate selected hits. Cell line: SKTR (Drug resistant), Drug = Trastuzumab.
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We validated 17 of the 25 targets (Figure 1) by using competition assays and the results
demonstrated that these target genes specifically sensitize the trastuzumab resistant cells
(SKTR) when silenced by RNAI (Figure 2 and 3). In the competition assay, shRNA-expressing
cells (GFP+) are mixed with an equal proportion of parental cells for each cell knockdown line.
Each cell line mixture is plated in triplicate and either untreated or treated with drug. The
percentage of GFP+ cells remaining is then tracked over time. We prioritized our effort by
selection of RANKL/TNFSF11 as the first target for further validation due to the existence of a
clinically approved inhibitor called Denosumab. Xenografts of these cell lines are currently being
tested to validate whether RANKL is a target for transtuzumab sensitization in vivo. Ultimately,
our goal is to test whether this combination approach will have an impact on reducing
tumorigenicity in human breast cancer cells from patients that are resistant to trastuzumab
therapy. In addition, we will continue to pursue the remaining targets in further validation
studies.

Denosumab is a humanized monoclonal antibody designed to inhibit RANKL for treating
various bone related conditions. This drug was approved for use to treat giant cell tumor of the
bone, for breast cancer patients on adjuvant aromatase inhibitor therapy to increase bone mass,
for postmenopausal women with risk of osteoporosis, and for the prevention of skeletal-related
events in patients with bone metastases from solid tumors. Denosumab is highly specific as it
binds human RANKL, but not murine RANKL, human TRAIL, or other human TNF family
members. RANKL and its receptor RANK are best known for their essential function in bone
remodeling and bone-related pathologies including osteoporosis and arthritis. The dysregulation
of the RANKL-RANK system is the major cause of osteoporosis in post-menopausal women.
Appropriate RANKL signaling is also required for the formation of a lactating mammary gland,
and both RANKL and RANK are expressed under the control of progesterone, prolactin, and the
parathyroid hormone protein-related peptide (PTHrP). Recent data also implicate RANKL and
RANK in the control of metastasis of breast cancer cells to the bone and sex hormone-driven
primary mammary cancer. Unfortunately, synthetic progesterone derivatives (progestins), such
as medroxyprogesterone acetate (MPA), used in hormone replacement therapy and
contraceptives have been demonstrated to induce the RANKL-RANK system, providing growth
and survival advantage to damaged mammary epithelium, a requisite for tumor initiation. In
addition, recent evidence links Her2 expression to RANKL-RANK signaling. Her2 expression is
increased in luminal tumor cells grown in mouse bone xenografts, as well as in bone
metastases from patients with breast cancer as compared to matched primary tumors. The
increase in Her2 protein levels was not due to gene amplification, but rather was mediated by
RANKL in the bone environment.

Epigenetic characterization of the mammary epithelial lineage

We have undertaken a full epigenetic characterization of the mouse mammary epithelial lineage
from nulliparous and parous mice. Our goal is to understand how DNA methylation patterns
change as cells differentiate along this lineage and understand what discriminates stem cells
from their mature progeny. This work has subsequently resulted in a publication' of which a
reprint is attached to this report. Please refer to this article for detailed descriptions of specific
aspects of the research.

KEY RESEARCH ACCOMPLISHMENTS

* Development of a shRNA prediction algorithm (ShERWOOD) that essentially predicts the
results of functional, sensor testing of shRNAs in silico.

« Completed construction of a sequence-verified, human, 4™-generation shRNA resource.



» Discovery of potential target genes to sensitize Her2-positive, trastuzumab-resistant cell
models of breast cancer.

* Defining the molecular hierarchy of mammary differentiation yielded refined markers of
mammary stem cells.

REPORTABLE OUTCOMES

* Developed a shRNA-specific prediction algorithm, called shERWOOD.

« Completed construction of a 4™-generation, human shRNA library consisting of 88,275
shRNAs and targeting 18,651 genes (with 16,681 genes represented by at least three
shRNAs).

+ Constructed and sequence-verifed 58,113 shRNAs (targeting 18,769 genes) of the 4™-
generation, mouse shRNA library.

+ Both human and mouse 4"™-generation shRNA resources are available to the scientific
community through Transomic Technologies Inc. (Huntsville, Alabama).

* Published manuscript:

“Molecular hierarchy of mammary differentiation yields refined markers of mammary
stem cells”

Camila O. dos Santos, Clare Rebbeck, Elena Rozhkova, Amy Valentine, Abigail
Samuels, Lolahon R. Kadiri, Pavel Osten, Elena Y. Harris, Philip J. Uren, Andrew D.
Smith, and Gregory J. Hannon.

PNAS (2013), 110(18):7123-7130.

CONCLUSION

We are continuing to make progress towards our aims in the proposal. During this past
year, we have had some very promising outcomes with the completion of the human shRNA
library and with most of the mouse shRNA library completed. A new shRNA algorithm for
predicting sensor-verified shRNAs have been developed. New mammary epithelial stem cell
markers have been identified with implications toward breast cancer development.
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The partial purification of mouse mammary gland stem cells (MaSCs)
using combinatorial cell surface markers (Lin~CD24*CD29"CD49f")
has improved our understanding of their role in normal develop-
ment and breast tumorigenesis. Despite the significant improve-
ment in MaSC enrichment, there is presently no methodology that
adequately isolates pure MaSCs. Seeking new markers of MaSCs,
we characterized the stem-like properties and expression signa-
ture of label-retaining cells from the mammary gland of mice
expressing a controllable H2b-GFP transgene. In this system, the
transgene expression can be repressed in a doxycycline-dependent
fashion, allowing isolation of slowly dividing cells with retained
nuclear GFP signal. Here, we show that H2b-GFP" cells reside
within the predicted MaSC compartment and display greater
mammary reconstitution unit frequency compared with H2b-
GFP"9 MaSCs. According to their transcriptome profile, H2b-GFP"
MaSCs are enriched for pathways thought to play important roles
in adult stem cells. We found Cd1d, a glycoprotein expressed on
the surface of antigen-presenting cells, to be highly expressed by
H2b-GFP" MaSCs, and isolation of Cd1d* MaSCs further improved
the mammary reconstitution unit enrichment frequency to nearly
a single-cell level. Additionally, we functionally characterized a set
of MaSC-enriched genes, discovering factors controlling MaSC sur-
vival. Collectively, our data provide tools for isolating a more pre-
cisely defined population of MaSCs and point to potentially critical
factors for MaSC maintenance.

FACS sorting | mammary gland transplant | shRNA screen

he murine mammary gland resembles, to some extent, the
human mammary gland in development, milk production,
and progression to carcinogenesis, making it an ideal system to
develop methodologies and form hypotheses of relevance to
women. The use of cell surface markers to isolate selected cell
types from mice has greatly enhanced our understanding of de-
velopment and our knowledge of molecular pathways and inter-
actions that influence it. Mammary gland stem cells (MaSCs) have
commanded attention because of not only their roles in the cycles
of gland morphogenesis but also their potential contribution in
tumor initiation. Full characterization of MaSCs, however, has
been hampered by their scarcity. Enrichment of the MaSC com-
partment has, until now, been achieved by using a combination of
cell surface markers (Lin‘CD24+CD29hCD49f§) (1, 2). Thus far,
these cells have been enriched to 1 MaSC per every 64 cells
stained Lin"CD24*CD29" (1). This is sufficient to test for MaSC
repopulation capacity and to some extent, roles in tumorigenesis,
but this level of purity is less suitable for more complex molecular
analyses that define MaSCs and their properties.
Additional characterization of MaSCs has been achieved using
a transgenic mouse model expressing GFP under the control of the
s-ship promoter (3). This gene is expressed in embryonic and he-
matopoietic stem cells but not differentiated cells (4). GFP™ cells in
this mouse model were shown to reside at the tips of the terminal
end buds, where MaSCs are believed to be located in these

www.pnas.org/cgi/doi/10.1073/pnas.1303919110

developing mammary gland structures (3, 5). Transplantation of
the MaSC-enriched GFP*CD49f" cells improved the mammary
reconstitution unit (MRU) frequency to 1/48 cells, an increase over
the previous shown frequency for CD24*CD29"CD49f" cells. Al-
though being very elegantly performed and enhancing our un-
derstanding of MaSC localization, studies with this mouse model
did not achieve a greater enrichment for MaSCs using more con-
veniently accessible markers, such as cell surface proteins.

Given the limitations in accurately purifying MaSCs, we sought
to devise a method better suited for identifying this population.
Here, we describe the use of long-term label retention to increase
the MRU frequency within MaSC-enriched CD24+*CD29" cells.
This approach, previously applied to the isolation of skin stem
cells (6), enables the identification of slowly dividing cells, a
characteristic of adult stem cells. To mark slowly dividing cells,
expression of the H2b histone, linked to GFP, is regulated by a
tetracycline responsive element (TRE) and a tet-controlled
transcription activator (tTA) under the endogenous keratin K5
promoter (K5tTA-H2b-GFP). In the absence of tetracycline or its
analog doxycycline (DOX), the tTA binds to TRE and activates
transcription of H2b-GFP. Treatment with DOX prevents the
tTA binding to TRE, and transcription of H2b-GFP is terminated
(6). As the cell divides, newly synthesized, unlabeled H2b replaces
the H2b-GFP; therefore, the more slowly dividing cells will retain
GFP expression for an extended period.

We were able to improve the MaSC enrichment by isolating
GFP-retaining cells after a long-term inhibition of transgene
expression. We refer to these cells as H2b-GFP" MaSCs (CD24*
CD29"H2b-GFP"). Comparisons between expression profiles of
all mammary gland cell types suggested that H2b-GFP® MaSCs
differentially expressed several genes involved in pathways pre-
viously described as playing roles in other adult stem cells. Ad-
ditional analysis of the H2b-GFP" MaSC expression signature
led to the identification of a cell surface marker that, combined
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with conventional markers, resulted in the isolation of an MaSC
population with an elevated proportion of MRUs. In addition,
we performed a focused shRNA screen, targeting genes that
were differentially expressed in our newly characterized MaSC-
enriched cell population, revealing potential regulators of mam-
mary gland biogenesis. Overall, this work improves our ability to
purify MaSCs and provides valuable insights into their role in
mammary gland development and perhaps, even tumor initiation.

Results

H2b-GFP Label-Retaining Cells Enrich for MaSCs. To better enrich for
the MaSC population, we assessed the feasibility of using mam-
mary gland label-retaining cells to select for MaSCs, given that
a slower division rate is an excepted characteristic of adult stem
cells. We adopted a system wherein expression of the H2b his-
tone, linked to GFP, is regulated by a TRE and a tTA under the
endogenous keratin K5 promoter K5tTA-H2b-GFP (a gift from
Elaine Fuchs, Rockefeller University, New York, NY). Keratin
K5 is expressed in cells of the basal compartment, the region
considered to be home to MaSCs (7). This system displays some
advantages over the previous gene reporter-based methods used
to isolate MaSCs, because it takes advantage of one of the more
general properties of stem cells: their relative quiescence. In
support of the use of this mouse model, there were previous hints
that MaSC-enriched CD247CD29" cells display BrdU label-
retaining properties (1), although label-retaining populations
were not functionally characterized.

Initial experiments using the H2b-GFP mice assessed the ex-
pression and distribution of GFP-positive cells in the adult
mammary gland (Fig. 14). Histological sections revealed the
presence of several GFP* cells located within structures re-
sembling the mammary gland ductal epithelium (Fig. 1B and Fig.
S1A4, Upper). Treatment of H2b-GFP mice with DOX over a 12-wk
period, thus ceasing transcription of H2b-GFP transgene, dra-
matically reduced the number of cells expressing GFP. Notably,
those cells that remained GFP* were located at the tips of the
terminal end buds. These distinct sites in the ductal epithelium
are the areas currently believed to be resident by MaSCs (8) (Fig.
1C and Fig. S14, Lower).

To compliment this observation, under the hypothesis that
mammary gland label-retaining cells comprise a population of
potential MaSCs, we investigated the correlation between GFP
retention and expression of previously defined MaSC-enriched
cell surface markers, CD24 and CD29. Using FACS analysis, we
were able to subdivide the mammary gland (after depletion
of endothelial and hematopoietic cells as shown in Fig. S1B) into
three distinct cell compartments: luminal (CD24"CD29"), oc-
cupied by luminal cells; basal (CD24*CD29"), occupied by
myoepithelial cells and MaSCs; and stromal (CD24-CD29") (1)
(Fig. 1D, Upper Left). The majority of GFP* cells from a trans-
genic H2b-GFP mouse off DOX could be categorized into either
basal or stromal compartments, with far fewer GFP* cells oc-
cupying the luminal compartment (Fig. 1D, Upper Right and Fig.
S1C, Left). After a 12-wk DOX chase, the overall proportion
of GFP* cells decreased by more than one-half, and the
presence of a GFP" luminal compartment was all but elimi-
nated (Fig. 1D, Lower Left and Fig. S1C, Center). Focusing on
GFP intensity (a measure that directly relates to the rate of cell
division), selection of only the brightest GFP* cells (GFth
resulted in a greater proportion remaining in the CD24*CD29
basal compartment, whereas the stromal compartment was sig-
nificantly reduced after GFPY™ cells were removed (Fig. 1D,
Lower Right and Fig. S1C, Right). This result suggests that the
most label-retaining cells reside within the basal compart-
ment and may represent the MaSCs population.

The benefit of using GFP to test for label retention, as op-
posed to BrdU, is that its detection does not require fixation and
staining. We were then able to test the biological differences,
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usin%1 mammary gland transplants, between GFP" cells (H2b-
GFP" MaSCs) and GFP™ cells (H2b-GFP™ MaSCs) within the
MaSC-enriched compartment. Transplantation assays are a fun-
damental criterion to evaluate stemness and have been used
previously for several tissues, including the mammary gland (1, 2, 9).
For these experiments, the inguinal glands were removed from
the endogenous tissue of prepubescent females before injection
of donor cells. Donor cells were harvested from mammary glands
of H2b-GFP mice after a 12-wk DOX chase, dissociated, lineage-
depleted, and sorted according to GFP intensity (Fig. S1D). Cells
(GFP" and GFP~) were then injected, and outgrowths from
donor cells were compared (by visualization of GFP* epithe-
lium) 12 wk posttransplantation. Given that the recipient animals
are not treated with DOX, all cells derived from the donor mice
will resume expression of the H2b-GFP transgene and give rise
to GFP" outgrows. MRU frequency was estimated according
to the previously described algorithm (10). Transplantation of
500 H2b-GFP" MaSCs (n = 5) gave rise to GFP* epithelium in
all injected glands. This ability to reconstitute was still retained
when only 50 cells were transplanted (Fig. 1E). In contrast, only
one-half of the glands injected with 500 H2b-GFP~ MaSCs dis-
played fluorescent outgrowths, decreasing to just 29% with in-
jection of 50 cells (Dataset S1). These results represent an
increase in the estimated frequency of MRUs from 1/70 cells, when
MaSC selection was performed using CD247CD29" alone (1), to
1/33 cells, with restriction to H2b-GFP" cells to further define
MaSCs. Comparatively, the MRU frequency among H2b-GFP™
MaSCs was estimated to be 1/149 (Dataset S1). Colony-forming
ability was also twofold greater for H2b-GFP" MaSCs when 500 of
these cells were seeded in a Matrigel (BD Bioscience) and cultured
for 7 d (Fig. SIE).

Considered together, these data suggest that mammary gland
H2b-GFP" label-retaining cells represent a subset, if not an entire
population, of the MaSCs. Our experiments using a repressible
H2b-GFP transgene have built on previous knowledge regarding
the label-retaining properties of stem cells in the mammary gland
and confirmed that MaSC CD24"CD29" cells reside mainly
within the H2b-GFP" label-retaining cell population. In addition
to these experiments, we also found that hormone-dependent
activation of MaSC proliferation and differentiation, triggered
by one complete cycle of pregnancy and involution in transgenic
H2b-GFP mice treated with DOX, completely depleted GFP*
cells, validating that H2b-GFP" cells truly represent a population
of slowly dividing cells rather than being a transgenic artifact.

It has been proposed that MaSCs comprise less than 5% of the
total basal compartment. Our findings support this notion given
that we find label-retaining H2b-GFP" cells to account for ~0.2%
of the total CD24*CD29" population (Fig. S1D, Upper Right). We
also compared the distribution of H2b-GFP"-retaining cells with
expression of a recently identified marker for myoepithelial
progenitor-like cells, CD61. This marker was expressed by most of
the H2b-GFPY™ population, whereas virtually all H2b-GFP" cells
were negative for CD61 staining, suggesting perhaps a unique
mammary gland cell differentiation pattern, where H2b-GFP" la-
bel-retaining cells might occupy the top of hierarchy.

H2b-GFP Cells Display a Stem Cell-Like Ex